ABSTRACT. Durine intrauterine life. fetal mineral accre-METHODS tion depends on actiqe transfer from &other to fetus by the placenta. To evaluate the role of fetal production of 1,25-dihydroxyvitamin D in regulation of fetal phosphorus, calcium, and parathyroid homeostasis, studies were performed in ewes and their fetal lambs. Fetal nephrectomy caused a rise in fetal serum phosphorus and a fall in total calcium 5 days after nephrectomy. Fetal blood ionized calcium also fell and serum parathyroid hormone rose. In sham-nephrectomized fetuses, all four measurements were unchanged compared to control values. Simultaneous maternal values of ionized calcium were normal in control and nephrectomized fetuses. Fetal ureteral severance and drainage of urine into the fetal peritoneal cavity produced none of the effects of fetal nephrectomy. Daily intravenous injection of 1,25-dihydroxyvitamin D into fetuses after nephrectomy prevented the rise in serum phosphate, and serum calcium did not fall. The results suggest that fetal 1,25-dihydroxyvitamin D regulates fetal phosphate homeostasis, perhaps by the placenta, which in turn regulates blood-ionized calcium concentration. (Pediatr Res 19: 566-569,1985) Abbreviations 1,25(OH)2D3, 1,25-dihydroxyvitamin D iPTH, immunoreactive parathyroid hormone Nx, nephrectomy During intrauterine life, fetal mineral accretion depends on active transfer from mother to fetus by the placenta (1, 2). In humans, fetal skeletal growth requires placental calcium transport of approximately 140 to 200 mg/kg fetal body weight per day in late gestation (3, 4). During pregnancy, 1,25(OH)2D3 synthesis occurs in the maternal kidney (5, 6), the placenta (7-9) and the fetal kidney (10). The relative contribution of 1,25(OH)2D3 from each of these sources to regulation of fetal mineral homeostasis is not known. In this study we present evidence that fetal kidney production of 1,25(OH)2D3 may be important in regulation of fetal serum phosphorus and calcium concentrations and to fetal parathyroid homeostasis. Animals. Three protocols were followed using ewes and their fetal lambs from 105 to 120 days of gestation, the last trimester of ovine pregnancy, which lasts 150 to 155 days. Supine ewes were anesthetized with halothane, and cesarean section was performed under sterile conditions (1 1). The distal half of the fetus was delivered from the uterus to the level of the fetal umbilicus. The fetal head remained inside the uterus, submerged in amniotic fluid to prevent fetal respirations. Catheters were sutured into a fetal femoral artery and vein for blood sampling and infusion of drugs and for blood replacement and into a branch of the femoral artery in ewes for blood sampling. An estimate of fetal growth rate during the period of observation was made by measurement of changes in crown-rump length. A 2-0 silk suture was placed in the skin over a lumbar spine with a second suture placed exactly 1.0 cm apart. At the second cesarean section, the distance between the two sutures was recorded.
Animals. Three protocols were followed using ewes and their fetal lambs from 105 to 120 days of gestation, the last trimester of ovine pregnancy, which lasts 150 to 155 days. Supine ewes were anesthetized with halothane, and cesarean section was performed under sterile conditions (1 1). The distal half of the fetus was delivered from the uterus to the level of the fetal umbilicus. The fetal head remained inside the uterus, submerged in amniotic fluid to prevent fetal respirations. Catheters were sutured into a fetal femoral artery and vein for blood sampling and infusion of drugs and for blood replacement and into a branch of the femoral artery in ewes for blood sampling. An estimate of fetal growth rate during the period of observation was made by measurement of changes in crown-rump length. A 2-0 silk suture was placed in the skin over a lumbar spine with a second suture placed exactly 1.0 cm apart. At the second cesarean section, the distance between the two sutures was recorded.
Following surgery for each protocol, ewes were allowed to recover and were subsequently routinely fed and allowed free access to water. Ewes were placed in separate cages and blood sampling and intravenous infusions were accomplished without anesthesia or restraint. Fetal and maternal arterial blood was drawn under aseptic conditions in heparinized syringes at surgery and on postoperative days 1, 3, 5, 8 and 10, for measurement of pH, pco2, and ionized Ca2+. Additional blood was drawn for determination of serum total Ca, Pi, Mg2+, and iPTH. Fetal blood was centrifuged at 3000 x g for 5 min at 4" C, and the red cells were resuspended in 6 to 8 ml of sterile saline and returned to the fetus via the femoral vein catheter. The serum was again centrifuged at 4" C for 15 min and aliquots were obtained for biochemical measurements. Data are presented only from fetuses in which arterial pH, pco2, and p02 were normal at surgery and remained normal through postoperative day 10 and in which the hematocrit did not change more than 10% from the initial value at the time of surgery.
Protocols. In protocol 1 (10 animals), fetal kidneys were mobilized from within peritoneal fat through bilateral flank incisions. In four fetuses, bilateral Nx was performed; in six control animals, "sham" Nx was performed by loosely placing and then removing a ligature from around the renal pelvis. Amniotic fluid losses were replaced with warm saline. The abdominal incision was closed, and fetal catheters were exteriorized via a subcutaneous tunnel to the ewe's upper flank. A catheter was sutured into a superficial branch of the femoral artery in the ewe and exited via a subcutaneous tunnel at the same site as the fetal catheters. Catheters were attached to stopcocks, filled with heparinized saline, and maintained aseptically in a plastic pouch.
In protocol 2 (three animals), the fetal ureterovesical junctions were identified bilaterally through a suprapubic incision; the fetal ureters were lifted with hemostats and completely severed approximately 0.5 to 1.0 cm proximal to the ureterovesical junction. The severed proximal ends of the ureters were allowed to retract and drain urine freely into the peritoneal cavity. The peritoneum was closed separately and the suprapubic incision closed in two layers using 3-0 silk sutures. Femoral artery and venous catheters were inserted as described for protocol 1, and the fetus was returned to the uterus.
In protocol 3 (five animals) bilateral fetal Nx was performed, and permanent arterial and venous catheters placed as in protocol 1. Approximately 1 h following surgery, the fetuses were given 0.15 to 0.17 gg 1 ,25(OH)2 vitamin D (kindly supplied by Dr. W. E. Scott, Hoffman La Roche, Nutley, NJ) in 1.0 ml 1,2-propanediol intravenously; this dose was repeated daily for 8 days.
Analytical methods. Blood pH, Pcoz, and poz were measured using an Instruments Laboratories blood gas analyzer. Blood ionized calcium was measured with a NOVA I1 ionized calcium analyzer. Serum total calcium and magnesium were determined by atomic absorption methodology and serum phosphorus by the method of Fiske and Subbarrow (12) . Serum iPTH was assayed with bovine antiserum for the carboxyl terminal region of the intact hormone and results are ng equivalents/ml (kindly performed by Dr. Arthur B. Schneider) (13) . Statistical analyses for significant differences between mean values were performed using Student's t test. Data are presented as mean +. SEM. A difference of 0.05 or less was defined as significant.
RESULTS

Protocol I .
In both experimental and sham-operated fetuses, a small (1.5 to 2.0 mg/dl) and insignificant rise in serum phosphorus occurred on days 1 to 2 as a result of surgical trauma. Bilateral fetal Nx, however, caused a rise in serum phosphorus and fall in total serum calcium that was significantly different < 0.001) (Fig. I) . Blood ionized calcium also fell (Fig. 2) , arid serum iPTH rose; these changes reached statistical significance by postoperative day 3 ( p < 0.001; p < 0.001). In sham-PJx fetuses, serum calcium, ionized calcium, phosphorus, and iPTH values were unchanged by day 10 compared to control values.
Values of blood pH were the same in nephrectomized (7.42 + 0.01) and sham-operated (7.39 + 0.02) fetuses at day 10 and day 1 (7.34 t 0.07 versus 7.35 + 0.13), respectively, as were day 10 Protocol 2. Bilateral severance of fetal ureters with drainage of fetal urine into the abdominal cavity with peritoneal absorption of fetal urine products produced none of the effects of feital nephrectomy (Fig. 3) . Mean fetal serum phosphorus, total calcium, and blood ionized calcium values were unchanged from control values by day 10.
Protocol 3. When bilateral fetal Nx was followed by daily injection of 1,25(OH)2D3 beginning immediately after surgely, the rise in fetal serum phosphorus on day 5 did not occur (Fig.  4) , and serum calcium and blood ionized calcium concentrations remained unchanged. Thus, results in these animals were n~ot different from those in the sham-Nx (compared to Figs. 1 and 2 ) and bilateral ureteral severance group.
DISCUSSION
Bilateral fetal nephrectomy in the 3rd trimester of ovine pregnancy completely disrupted fetal intrauterine calcium and phosphate homeostasis. Fetal serum inorganic phosphate rose significantly and further increased the normal maternal to fetal uphill transplacental phosphate gradient. Fetal total serum calcium and blood ionized calcium concentrations decreased significantly, and the normal maternal to fetal uphill transplacental calcium gradient was reversed. These results are not easily explained by generalized placental dysfunction, as all fetuses maintained normal arterial blood gas values, a function solely dependent on normal placental integrity. The excretory function of fetal kidneys also did not seem important, as ureteral transection produced no calcium or phosphorus abnormalities as seen in the adult model (14) . This difference is most likely due to the fact that the intact placenta is the major excretory organ in utero and as anticipated, fetal serum urea nitrogen and serum creatinine did not change in either nephrectomized fetuses or in fetuses with ureteral severance (data not shown). However, loss of fetal kidney production of 1,25(OH)2D3 seems to have been critical in disruption of fetal mineral homeostasis as daily infusion of 1,25(OH)2D3 prevented the abnormalities in nephrectomized fetuses.
The specific pathogenesis of the disruption of fetal mineral homeostasis is not clear. The results suggest that fetal phosphate retention was the primary mineral abnormality and progressive fetal hyperphosphatemia lowered total and ionic calcium concentrations, and low ionic calcium stimulated increased fetal iPTH production. We previously demonstrated that lowering of fetal ionized calcium during short-term EDTA infusion stimulates an increase in fatal serum iPTH activity (1 5). Although the kidney is the major route for phosphate excretion beyond early life (16, 19) , it contributes only trivially in utero (15, 18) and ureteral severance led to no increase in serum phosphate. Thus, the rise in serum phosphate most likely is the result of retention by the placenta, and we must therefore presume that fetal renal production of 1 ,25(OH),D3 somehow regulates fetal to maternal phosphate transport via the placenta.
Failing this, the fetal serum phosphate concentration would rise as active maternal to fetal phosphate transport continued, lowering fetal ionized calcium concentration as observed in these studies. There is excellent evidence for bidirectional placental phosphate transport (19) (20) (21) , but there is no evidence that 1 ,25(OH)2D3 of fetal origin affects placental phosphate transfer. This hypothesis would suggest that active uphill maternal transport of phosphorus to the fetus is not regulated by fetal vitamin D metabolites, whereas unidirectional phosphate transport from POSTOPERA TlVE DAYS Fig. 3 . Serum inorganic Pi (triangles), total Ca (squares), and blood ionized Ca" (circles) in fetuses with ureteral severance and drainage of urine into the fetal peritoneal cavity, n = 3. Fig. 4 fetus to ewe is dependent on fetal kidney 1 ,25(OH)2D3. There is considerable speculation that maternal and/or placenta produced 1,25(OH)2D3 stimulates placental divalent mineral transport (22) . However, the results in our studies occurred without manipulation of the placenta or the ewe and, therefore, our data do not permit speculation in this regard.
POSTOPERATIVE DA YS
An alternate explanation for the observed results is that fetal renal production of 1,25(OH)2D3 is necessary for phosphate accretion into fetal bone, and, failing this, fetal serum phosphate would also rise as active maternal to fetal phosphate transport continued. To date, there are no published studies assessing the effect of fetal produced 1,25(OH)2D3 on phosphorus accretion into fetal bone. An additional possibility for the observed results is that fetal produced 1 ,25(OH)2D3 is required for active maternal to fetal uphill calcium transport. This explanation seems unlikely and would leave unexplained the significant rise in fetal serum phosphorus concentration. It is of related interest that 1,25(OH)2D3 has been shown to stimulate phosphate transport in the gut (23) .
The fall in fetal serum total calcium and in ionic calcium following fetal Nx in this study is identical to the changes observed after loss of the normal transplacental calcium gradient in nephrectomized fetal sheep fetuses reported by Ross et a/. (24, 25) . However, in that report, fetal blood gas values were not reported, so the condition of the placenta after intrauterine surgery could not be determined. Additionally and more importantly in that study, fetal hyperphosphatemia was not described and, therefore, our results appear to be the first to describe fetal hyperphosphatemia after fetal Nx. There are no other published studies of the effect of fetal Nx on fetal mineral homeostasis.
